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Abstract. NewZealand echinoderms (33 species drawn

from all five extant classes) were examined for the presence

of symbiotic bacteria by fluorescence and electron mi-

croscopy. Gram-negative, subcuticular bacteria (SCB)

were found in 1 7 species from four classes. The SCBcould

be classified into two major morphological types. Some

species had both types of SCB. The distribution of SCB
was not obviously linked to host ecology but did appear
to be related to host phylogeny. Related species usually

all have SCBor all lack them. The number of SCB in five

species was estimated to be between 8.41 X 10
8 and 4.96

X 10
9

g~' ash-free dry weight of host tissue. Significant

differences in bacterial load and relative proportions of

the different types of bacteria were found among three

congeneric ech'mo\ds(Pseudec/iinns hutloni. P. albocinctus

and P. novaezealandia). Ophiocoma bollonsi was peculiar

in having groups of bacteria enclosed in host cells (bac-

teriocytes) within the connective tissue of the tube feet.

Introduction

Symbiotic associations are increasingly seen as path-

ways for evolutionary innovation, allowing organisms to

transcend the biochemical limitations of their own ge-

nome by harnessing the different biochemical capabilities

ofasymbiont(Margulis, 1981; Douglas, 1994). Examples
of marine organisms utilizing symbionts to exploit oth-

erwise closed energy sources include corals that use di-

noflagellates to provide them with carbon fixed via pho-

tos) nthesis(Muscatine ct ai. 1984) and a variety of marine

invertebrates that exploit the energy potential of free sul-
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fide through the activities of sulfide-oxidizing bacteria

(e.g., Cavanaugh et a!.. 1981). Symbioses between inver-

tebrates and bacteria occur in protozoans (Fenchel et ai,

1977;Saffo, 1990); sponges (Vacelet and Donadey, 1977);

cnidarians (Palincsar et al., 1989); nematodes and tur-

bellarians (Ott et al.. 1982); annelids (Giere, 1981; Haus-

mann, 1982); pogonophorans (Cavanaugh et al., 1981);

echiurans (Bosch, 1976); bivalve molluscs (Southward,

1986); cephalopods (McFall-Ngai, 1994); bryozoans (Lu-

taud, 1969); echinoderms (Holland and Nealson, 1978);

tunicates (Mackie and Bone, 1978); and pterobranchs

(Welsch, 1984). New symbioses are frequently reported

(e.g., Menon and Arp. 1993; Haszprunar et al.. in press).

In some cases the biological role of the symbionts is ob-

vious (e.g.. chemoautotrophic associations where the host

lacks a gut), but in most it is enigmatic.

Echinoderms from all five extant classes are known to

harbor symbiotic bacteria between the epidermal cells and

the overlying layers of the cuticle (Holland and Nealson.

1978; Feral. 1980; McKenzie, 1987). These so-called sub-

cuticular bacteria, or SCB (Holland and Nealson, 1978),

have been recorded from Atlantic species of echinoderms

(Holland and Nealson, 1978; Feral, 1980; McKenzie,

1987; Walker and Lesser, 1989; McKenzie and Kelly,

1994). from Australian crinoids (McKenzie, 1992), and

from northeast Pacific ophiuroids (McKenzie and Kelly,

1994). The symbiosis is, therefore, geographically and

phylogenetically widespread. Information on the exact

distribution of SCB amongst echinoderms is, however,

very vague. Some species are known to lack SCB
(McKenzie and Kelly, 1994), and it may be possible to

correlate the presence or absence of SCBwith some com-

mon aspect of their hosts' biology if there is a large enough
data set upon which to make such a comparison. The

morphology of bacteria can also be useful in determining

the probable trophic role of the symbionts. Likewise, a

91



92 M. S. KELLY ET AL.

high ratio of symbiont-to-host biomass may help identify

particularly important associations. To this end we have

been surveying a large number of echinoderm species from

around the world for the presence, abundance, and mor-

phology of SCB. This paper details the results of a study

of 33 species of echinoderms that are found around New
Zealand. Some preliminary results of this study were re-

ported in Kelly el a/, (in press).

Materials and Methods

Echinoderms were collected between October 1992 and

January 1993, by beam trawl on the mid-shelf region off

Otago harbor at a depth of 64 m(4546.632' 170 52.881')

and at a deeper water site of 120m (4544.539'
1 7 1 1 . 197'), and by shore collections from the intertidal

zone adjacent to Portobello Marine Laboratory. Some

species were also collected from the intertidal zone at

Matheson Rocks, north of Auckland, North Island. An-

imals were examined with epi fluorescence light micros-

copy and tissues promptly fixed for transmission electron

microscopy (TEM).
The epifluorescent microscopy was according to Hobbie

ct al. (1977) as adapted by Kelly and McKenzie (1992).

A tube foot was removed, placed on a glass slide, stained

with acridine orange at a concentration of 0.003% and

gently squashed with the coverslip. This action frees many
of the SCB from the tissue. Usually, 3-10 individuals of

each species were examined for the presence of SCB. The
bacterial load was quantified in three species of Pseud-

echinus: in Asterodon miliaris, Ophiocoma hollon.si, and

Amphipholis squamata: and in juvenile Pseudechinus

huttoni (diameters of 14-18 mm). Rods and spirals were

counted separately for the three species of Pseudechinus

and for the juvenile P. huttoni

For direct counts of bacterial numbers, larger pieces of

tissue were removed from the seven species mentioned

above and homogenized with either a hand-held glass tis-

sue grinder or an Ultraturrex mechanical tissue homog-
enizer. For ophiuroids, a piece of arm was used; for echi-

noids, a portion of test was taken from the ambulacral

groove area. Care was taken not to rupture the gut as the

test was removed. The tissue was homogenized at a ratio

of 1 g tissue: 2 ml of filtered (0.1 /urn) seawater and then

mixed with an equal volume of acridine orange. An exact

volume of the homogenate (5 ^1) was slide-mounted using

No. 1 22 X 22 mmcoverslips. In each homogenate, all

the bacteria observed within an eyepiece-mounted Whip-

pie grid (at 1000X magnification) were counted from 20

randomly selected areas. The whole process was repeated

twice for each of 10 animals. Because individual Amphi-

pfioli.s squamata are small, homogenates were made from

pooled individuals (one of 8 and one of 1 1 individuals).

To check the accuracy of the counting technique, 10

counts were made from one homogenate of P. huttoni

test. External or contaminant bacteria, which were only

rarely seen, differed obviously in size and appearance from

the SCB. The number of SCBwas expressed per gram of

tissue wet weight and per gram of ash-free dry weight, to

allow a comparison between species with different ratios

of soft tissue to skeletal calcite. For wet weights, tissue

samples were rinsed in filtered (0.1 pm) seawater, shaken

to remove excess surface water, and then weighed. For

dry weights, tissues were dried at 40C until they reached

a constant weight. Ash weights were obtained after tissues

were incinerated in a muffle furnace at 400C. Ash-free

dry weights were obtained by subtracting the ash weight

from the dry weight for each sample. Microscopical ob-

servations and counts of the bacteria were made with an

Olympus Vanox epi fluorescence microscope.

In preparation for TEM, tissues from three individuals

of each species (where available) were fixed in 4% glutar-

aldehyde in 0. 1 A/cacodylate buffer, rinsed in fresh buffer

and decalcified, if necessary, in saturated EDTA. Post-

fixation was with 1% osmium tetroxide in filtered sea-

water, followed by dehydration in ethanol and embedding
in Agar 100 resin. Silver sections were cut on an LKB III

microtome, stained with ethanoic uranyl acetate and

aqueous Reynold's lead citrate, and examined on a JEOL
100S at 60 Kv.

Attempts were made to culture symbionts from the

ophiuroids A. squamata and Ophiocoma bollonsi and the

echinoid Pseudechinus huttoni. The experimental pro-

cedures for A. squamata were (a) that of Walker and Lesser

(1989) surface sterilization of whole animals in 70%

isopropyl alcohol for 30 s followed by two rinses in 75%
sterile artificial seawater (ASW) prior to homogenization
in sterile glassware and plating on agar; (b) a modified

procedure (Lesser, pers. comm) as above but with surface

sterilization time reduced to 5 s; and (c) an alternative

method using protocol b but separating the arms from

the disk of the animals before homogenization. For O.

bollonsi, only tissue from the arm was used; a portion of

the arm was surface sterilized and then the tube feet were

removed and homogenized. The homogenate was then

spread on plates or used to inoculate liquid culture me-

dium. For P. huttoni, small squares of test from the am-

bulacral groove were surface sterilized and treated as

above. Animals that had not been subjected to the surface

sterilization procedures were used as controls. The brit-

tlestar Ophionereis fasciata, which does not have SCB,

was used as a further control. The tube feet or portions

of tissue were placed in a watch glass and ground with a

glass grinder. The glassware was surface sterilized with

70% ethanol. Marine broth (Difco, 300 ^1) was used as a

diluent.

Ultraviolet (UV) exposure and repeated washing in au-

toclaved filtered seawater were investigated as alternative

methods for surface sterilization. Tube feet from O. bol-

lonsi and arms from A. squamata were exposed to UV
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for 2. 5. 10. and 15 min prior to homogenization in 300 ^1

diluent. Whole .1. siiuanuita and squares of the test of P.

hutloni were washed up to five times in autoclaved filtered

seawater. Homogenates were made of the A. sciuamaia

arms and of the squares of urchin test. The homogenates
were prepared in 300 1 diluent, then plated on agar and

inoculated in broth as outlined below. Equivalent un-

treated tissues were used for controls.

The medium used was Zobell's modified 2216E pre-

pared with 75% (w/v) ASW. Salt solutions ( 1 Af) for the

ASWwere prepared and autoclaved. The agar was then

prepared, the yeast and peptone were added, and the agar

was autoclaved and held at 56C. To prevent precipitation

of the sterile salt solutions, they were warmed and added

to the agar before the plates were poured. To determine

the number of colony-forming units (CPU) per animal,

logarithmic dilutions were prepared in marine broth and

spread plated. The dilution broths were also cultured as

enrichment for slow-growing or stressed organisms unable

to grow initially on solid medium. The plates were in-

cubated at room temperature (18-21C) and examined

daily for bacterial growth. After 48 h, the resulting bac-

terial colonies were counted and CPUper sample were

determined. The plates were then maintained for up to

21 days to observe the appearance of any slower growing

colonies.

Table 1

Number of species examined and number and percentage with SCB

Results

General observations

Table I shows the number of species within each class

that were examined and the number and percentage that

were found to harbor SCB. Of the 33 species of NewZea-

land echinoderms examined. 17 had SCB(Table II). When
the SCB load was substantial, the bacteria were easy to

find with epifluorescence. However, in some cases. TEM
examination demonstrated SCB that had escaped detec-

tion by epifluorescence.

Bacterial morphology

In all of the echinoderms examined, the SCBappeared

to be gram-negative as they had two membranes (Figs. 4.

11) surrounding the cytosol (Neidhart el a/.. 1990). The

penplasmic layer between the two membranes was usually

thin and homogeneous. None of the bacteria appeared

flagellated, nor were pili observed. The cytosol usually

evenly surrounded the nucleoid area and was usually

rather homogeneous, with no evidence of either internal

membranes (other than membrane-bound vacuoles) or

granular inclusions. Round spaces in the cytosol, indi-

cating where material had been lost during processing,

were not infrequent and may be poly-/3-hydroxybutyrate

storage areas (Berkeley, 1979). The DNAin the nucleoid

was often condensed into an electron-dense lobulated

Class Number of species Number (%) with SCB

Echinoidea
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Table II

Observation unit description of SCBas seen under epifluorescenl (EF) and transmission electron microscopy (TEM)

CLASS

Order

Family
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that could not be easily classified as belonging to any of

the major types of SCB (Fig. 1 ). These were uncommon
and had an electron-dense, filamentous appearance. SCB
of a similar morphology have been found in Labidoplax

digitata, another apodous holothurian (Kelly and Mc-

Kenzie, 1995). SCBwere commonly present in TEMsec-

tions of the aspidochirote holothurian Stichopus mollis.

although none had been found previously with epifluo-

rescence. These short rods had numerous vacuoles

(Fig. 2).

Echinoidt'ti: SCB, in the form of short rods, were found

in Goniocidaris itinbraculwn, a representative of the

primitive subclass Perischoechinoidea. SCB were easily

found by epi fluorescence in all the specimens that were

examined. TEM fixation of both the host cytoplasm and

bacteria was poor, but the symbionts appeared to be Type
3 SCB. with internal vacuoles. The material in these vac-

uoles was often lost, forming a hole in the section.

SCBwere found in all three species of the genus Pseud-

echinus. Each had two distinct morphological types of

bacteria: straight, baton-shaped rods (Fig. 3) and a typical

Type 2 spiral form (Fig. 4). Both forms could be seen with

epifluorescence and TEM. The SCBwere found lying both

below and within the fibrous layer of the cuticle. In both

types of SCB the chromatin was usually condensed into

thick, electron-dense fibers running up the center of the

bacteria. The baton-shaped rods had the appearance of

being rigid and had rounded caps at either end of the

baton (Fig. 3), rather than tapering at their ends. The

most striking feature of this type of SCB was the well-

defined, granular periplasmic space. The three species of

Pseudec/iinus were collected throughout the austral sum-

mer months, and SCB were always present regardless of

the reproductive condition or size of the host. The smallest

P. Inittoni collected had a diameter of 14 mmand was

probably less than 2 years old.

Detection of SCBby epifluorescence microscopy of tube

feet from the sand dollar Fellaster zelandiae was difficult.

A few irregular rods were seen, but the fluorescence faded

unusually quickly. The same dampening effect has been

noted when examining some other echinoids (for example,

Evechinus chloroticus) and some darkly pigmented

ophiuroids. TEMshowed that the symbionts in F. :elan-

diae were spiral Type 2 SCB, though few were seen.

No SCB were found in specimens of Echinocardium

cordantm with either technique. None of the specimens

of E. corclatiim fixed for TEMhad retained their cuticles,

and their morphology was also poorly preserved.

Asteroidea: With epifluorescence, SCBwere difficult to

find in Astropecten primigenius. In only one specimen

were a few rods and spirals observed. In contrast, TEM
of this species revealed that typical Type 2 SCBwere com-

mon in the fibrous part of the cuticle (Fig. 5), where they

sometimes appeared to be aligned parallel to the fibers of

the lower cuticle. Larger, misshapen bacteria, which were

probably distorted Type 2 SCB, were also seen. No SCB
were found in the single specimen of A. polyacantluts from

Auckland. The cuticle was not intact in this specimen.

In the cushion star Patiriclla rcgularis, abundant spiral-

shaped SCBwith little internal specialization were found

with epifluorescence, and TEM revealed Type 2 SCB in

the lower, fibrous part of the cuticle. Asterodon miliaris

and Odontaster henluimi are biscuit stars that are ex-

tremely difficult to tell apart, being identifiable by the

number of projections on the oral plates (Fell, 1962). Even

so, the two species were readily distinguished on the basis

of their SCB. With epifluorescent microscopy (Fig. 6A),

A. miliaris had mostly straight, brightly fluorescing rods,

forming short chains of 2-3 cells; whereas O. benhami

had a mixture of two morphological types. TEMshowed,

however, that A. miliaris did have both Type 3 and Type
2 SCB, though the latter were much less common than

they were in O. benhami. The Type 3 SCBin O. benhami

were often dumb-bell shaped (Fig. 6B). In the one spec-

imen of Ophidiaster kemuidecensis that was examined,

no SCB were found with epifluorescence microscopy. A
few Type 3 rods with vacuoles and well-developed capsules

were found amongst the microvilli in TEMsections. These

were probably SCBbut, as the specimen lacked its cuticle,

this requires confirmation. The remaining seastar of the

Order Valvatida, Pentagonaster pulchellns. was examined

only by epifluorescent microscopy and no SCB were

noted.

No SCBwere found in Henricia or in any of the seastars

belonging to the order Forcipulatida with either epifluo-

rescence or TEM. Rod-shaped bacteria were commonly
found in TEM sections of a single specimen of Calvas-

lerias suteri; however, the tissues were considerably dis-

rupted and bacteria were found throughout the sections,

including in connective tissue. These bacteria are probably

not SCB and may be pathogenic, but further study will

be necessary to confirm this. A single bacterium was found

embedded in an indentation of the outermost layer of the

cuticle of a specimen of Sclerasterias mollis. This was not

thought to be an SCB.

Ophiwoidea: Many SCB were found in TEMexami-

nation of decalcified arm tips from Astrobrachion con-

strictum (Fig. 7A). They were spirals but were occasionally

seen to vary in cross-sectional area (Fig. 7B). The larger

types are probably an artifact resulting from the swelling

of the more commonly seen form. However, no bacteria

were found when the tube feet were examined with epi-

fluorescence. The small amount of soft tissue on the arms

and the small tube feet make epifluorescent examination

of tissue squashes difficult, whereas the SCB are found

more easily with TEMafter decalcification.

Numerous thin, rod-shaped bacteria were found in

tube-foot squash preparations from Ophiocoma bollonsi

and Ophiopteris antipodum. The fluorescence faded very

rapidly in homogenates of the tissue of these species,
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making counting difficult. Despite intensive searching

with TEM, no SCB were ever found King in the suhcu-

ticular space of either species, although the bacteria were

always found in tube foot squash preparations with epi-

fluorescent microscopy. This initially led to the assump-
tion that the bacteria were in discrete areas of the sub-

cuticular space and might have been missed during TEM
examination. However, large bacteriocytes packed with

long, spiral-shaped bacteria were later found in the con-

nective tissue of O bollonxi (Fig. 8). The bacteriocytes

were about 10 /urn diameter in TEM micrographs. Oc-

casionally the spiral bacteria were seen free in the tissue.

Ophiomyxa brevimira had a mixture of morphological

types of SCB: short rods, often forming chains of two;

longer rods; and a few spiral forms were seen with epiflu-

orescence. With TEM, short, heavily vacuolated Type 3

rods were found to be the predominant type. Holes often

formed in the sections where there were vacuoles

(Fig. 10).

Two species ofAmphhira were examined. A. amokwae
was very commonunder stones along the beach adjacent

to the Portobello laboratory. One specimen of A. aber-

nethyi was obtained by trawl from a depth of 1 20 mout-

side Otago Harbor. A. amokwae had long, tightly bound,

spiral SCB that were obvious in both epifluorescence and

electron microscopy (Fig. 9). These had an unusually large

diameter for Type 2 SCB. In A. abernethyi. straight rods,

4-5 Mmlong, were seen with epifluorescence. but the only

available specimen was in poor condition when fixed for

TEM. and no cuticle or bacteria could be found around

the surface. Amphipholis smtamata had long, vacuolated,

rod-shaped bacteria (Fig. 1 1). These were very common
and were easily seen with both electron and light micros-

copy.

Quantification

The results of the quantification of bacterial load for

all three species of Pscmk-chinits. Astcrodon miliaris.

Ophiocoma bollonsi. Amphipholis sqitamata. and juvenile

Pseitdechinits hiittoni (test diameters of 14-18 mm) are

given in Table III. No significant differences were found

between arms or ambulacra! areas from the same indi-

vidual animal for any of the species (Student's / and Wil-

coxon signed rank test). To measure the variability of the

counting technique, 10 counts were made from one ho-

mogenate of P. lutitoiii test. The mean count per 20 fields

of view was 1 7.9, with a standard deviation of 4.63. Rods

and spirals were also counted separately for the three spe-

cies of Psendechinus and for juvenile P. huttoni. A one-

way analysis of variance (ANOVA) and a Fisher's least

significant difference test (LSD) was then applied to the

data (Table IV). P. huttoni adults and juveniles both had

greater numbers of rods than spirals (P < 0.05). The other

two species had more spirals than rods, though these dif-

ferences were not significant. As can be seen from Table

IV, there are numerous significant differences between

the species in their relative numbers of rods and spirals.

Culturing

The methods described in Walker and Lesser (1989)

and Lesser and Blakemore (1990) (i.e.. plating the ho-

mogenates of A. sqitamata following a surface sterilization

in 70% isopropyl alcohol for 30 s), failed to produce bac-

terial colonies on agar plates. However, when whole an-

imals were treated for only 5 s, prior to separate homog-
enization of arms and disks, bacterial colonies grew on

plates inoculated from homogenates of the disks (1.5 X

10
: mixed CFU/disk) but not from the arms. This com-

pares with 2.6 X 10
4 and 2.6 X 10

3 CFU for control (not

surface sterilized) arms and disks respectively. Although
the plates were examined daily, no fresh colonies appeared

in a 10-14 day period as described by Lesser and Blake-

more (1990) or after 14-21 days as described by Lesser

(pers. comm. to MSK).
The other species produced results similar to those ob-

tained from A. smtamata. The surface sterilization for 5 s

usually resulted in no colony formation on plates, but

nonsterilized animals produced colonies regardless of

whether they contained SCB (P. huttoni) or not (Ophio-

coma bollonsi and Ophionereisfasciata). In the few cases

Figure 1. Transverse section of SCB (arrow) from Trochodota dunedinensis body wall, lying beneath

the cuticle (C) of the body wall. SCBcoat has fibrous appearance.

Figure 2. Transverse sections through Type 3 SCB (arrows) beneath the cuticle (C) of Slichopux mollis

tube foot. SCB have numerous vacuoles (v). E, epidermal support cell.

Figure 3. Baton-shaped SCB from Pseudechinus Imltoni tube foot, longitudinal section and transverse

section. The chromatin is condensed into electron-dense fibers running along the center of the bacterium

(arrow). Note granular appearance of periplasmic space (curved arrow) and rounded cap-like ends (open

arrow).

Figure 4. Type 2 spiral form SCB from Pseudechinus hitltoni tube foot, showing condensed chromatin

fibers (arrows) and double membranes characteristic of Gram negative bacterium (curved arrow). E. epidermal

support cell.

Figure 5. Typical Type 2 SCB(arrows) situated in the lower fibrous part of the cuticle (F) in Astropecten

primigeniux tube foot, SCB sometimes appear aligned with the fibers of the lower cuticle. C, outer layer of

cuticle: E. epidermal support cells.
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in which colonies did form, these were always of more

than one type and of similar morphology to the colonies

growing on control plates.

The UV treatments reduced the number of bacterial

colonies from the A. siiitannihi arms but did not totally

eliminate the bacteria, even at longer exposure times. The

resulting bacterial colonies were of a variety of morpho-

logical types and were similar to those on the control agar

plates. Few colonies were isolated from the nonsterilized

tube-foot homogenates of O. bollonsi or from those given

a short UV exposure; no bacteria were cultured from tube

feet exposed to UV for longer time periods. Repeated

washing with sterile ASWhad no apparent effect in re-

ducing the number of colony-forming bacteria associated

with the echinoderms tested. Whenever bacteria were cul-

tured, the variety of colony morphologies was similar to

that of control animals.

Discussion

About half of the echinoderm species we examined

from New Zealand contained SCB. In a survey of 63 spe-

cies of echinoderms from the shelf seas around the British

Isles, more than 60% had SCB (Kelly and McKenzie, in

press). These surveys and most of the other information

on SCBdistribution have been from temperate, shallow-

water echinoderm faunas. The distribution of SCB in

tropical and polar echinoderms is unknown, though
McKenzie (1992) described SCB in crinoids from the

Great Barrier Reef, Australia. SCBhave also been found

in deep-sea holothurians (Roberts et ai. 1991) and deep-

sea ophiuroids (unpub. obs.). There is no obvious corre-

lation between the occurrence of SCB and the habitat,

feeding strategy, or other ecological aspects of the host.

The New Zealand echinoderms were collected from a

range of habitats, including sandy beaches, rocky shores,

and depths of 60 mand 120 m. SCB were found in ani-

mals of different reproductive condition and size or age.

Again, the number of SCBwithin a species was apparently

not linked to host ecology. Similar conclusions were

reached in other studies (McKenzie and Kelly, 1994; Kelly

and McKenzie, in press). SCBare thus a general, though

not universal, phenomenon of echinoderms rather than

being found only in particular ecological groupings of

species.

One factor that does relate to SCBdistribution is host

phytogeny. The following generalities are supported by

the present observations and those of earlier studies. ( 1 )

When SCBare recorded from a species, then all individ-

uals of that species will have symbionts; (2) species con-

generic with a symbiont-containing species will all have

SCB; and (3) co-familial species will probably all have or

all lack SCB (McKenzie and Kelly, 1994; Kelly and

McKenzie, in press). Every individual of well-studied spe-

cies, such as the three Pseudechinus species, had SCB.

Ampliipholis squamata from New Zealand (this study).

North America (Walker and Lesser, 1989) and North Eu-

rope (McKenzie and Kelly, 1994) all appear to have mor-

phologically identical SCB. It would be interesting to check

the molecular similarities between the hosts and between

the symbionts from these separate regions. The presence

of SCB in all three species of Pseudechinus supports the

second generality; this is also true for the brittlestar genus

Ampliiwa. SCBwere present in both NewZealand species

and have also been found in three European species of

Amphiura (Kelly and McKenzie, in press). SCBhave been

recorded from Asiropcctcn irregularis and three species

of Echinocardium (Holland and Nealson. 1978; Kelly and

McKenzie in press). The failure to demonstrate SCB in

the New Zealand species Astropecten polyacanthus and

Echinocardium cordatum was probably due to the poor

cuticular fixation in all the specimens examined; further

investigations of these species may reveal their presence.

Three Australian species of the feather star genus Com-

anlhus (C. tiinorensis, C. parvicirnis, and C. altemans)

were examined by McKenzie (1992). None had SCB, as

was the case for the NewZealand C. novozealandiae. Ex-

amples of co-familial species either having or lacking SCB
are best seen in the asteroids. Asterodoti and Odontaster

both have SCB. Patiriella belongs to the Asterinidae and

SCB have also been reported from other species in this

family (Cameron and Holland, 1983; Souza Santos and

Sasso, 1970; Kelly and McKenzie, in press). None of the

species belonging to the family Asteriidae (Sclerasterias,

Coscinasterias, Allostichaster, Astrostole and Calvasterias)

had SCB. The earlier report of Calvasterias having SCB

(Kelly L'l ai. 1994) was erroneous.

McKenzie and Kelly ( 1 994) noted a correlation between

SCBmorphology and host phylogeny in ophiuroids. Spe-

cies within a genus usually all have similar SCB, and this

is sometimes also true of co-familial species. This corre-

lation is partially supported by the results from the New
Zealand species, but there are exceptions. In specimens

Figure 6. (A) Mixed morphological types of SCB in Odimiasti'r benlianii tube foot. Type 2 SCB (white

arrows) in the lower fibrous layer (F) of the cuticle (C) and Type 3 SCBmostly in transverse section (arrows).

L. lamellae of support cells; E. epidermal support cell. (B) Dumbbell-shaped Type 3 SCB (arrows) lying

below the cuticle (C). L. lamellae of support cells; E, epidermal support cell.

Figure 7. (A) Numerous Type 2 SCB(arrows) lying beneath the cuticle (C) ofAstrobrachion consiricluni

tube foot. BL. basal lamima. (B) Two opposing surfaces of tube foot from A\nhraclut>n cini\tncnii (C).

On the upper left the SCB in transverse section appear enlarged and distorted (arrows). On the lower right

the SCBappear as typical Type 2 SCB (curved arrows). E. epidermal support cell.
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of Ainpliinra tiliformis and A. chiajci collected from the

British Isles (McKenzie and Kelly. 1994). the SCB are

Type 3 rods, classically with membrane-bound vacuoles

tearing to form holes in the sections. Spiral forms have

occasionally been seen with the epifluorescent microscope

but not so far with TEM, the straight rods being much

more numerous. McKenzie and Kelly ( 1994) found a sin-

gle Type 2 SCB in another amphiurid (Microphiopholis

atra). A. amokiirac is apparently unusual amongst am-

phiurids in having a predominance of Type 2 SCB instead

of the Type 3 that might have been predicted. The fact

that some species have two types of SCB, combined with

the low overall level of variation in SCB morphology,

limits the usefulness of bacterial morphology as a character

in investigating possible co-evolution between the sym-

bionts and their hosts.

It is not known if the different morphological types of

SCB represent separate genotypes. Other symbioses show

evidence that bacteria with different morphologies have

different genetic identities. Among homopteran insects.

55% of the species are thought to contain more than one

type of symbiont (Buchner, 1966). and both sulnde-oxi-

dizing and methylotrophic symbionts have been found

within the same bivalve host (Fisher el ai, 1993). The

fact that the three Pscudcchinus species (Table IV) and

Astcrodon miliaris and Odontaster benhami consistently

differ in the ratio of the SCB types within them may in-

dicate that the morphotypes reflect different bacterial ge-

notypes. Alternatively, this difference could result from a

single SCB genotype having morphological plasticity

within its echinoderm host. The ability of a single genotype

to exhibit considerable pleomorpnism in response to sub-

tle environmental variations is known in many bacteria

(Berkeley, 1979) and has been recorded in symbioses such

as some mycetocyte-insect associations (Houk and Grif-

fiths, 1980; Smith and Douglas, 1987). The presence of

both major types of SCB is phylogenetically widespread,

and it may be that they are both potentially present in all

species. This would strengthen the argument that the types

are phenotypic variants rather than different genotypes.

Molecular investigations of 16S rRNA variation within

the symbionts of single species could be the best way of

resolving question.

The estimates of bacterial loading in New Zealand's

echinoderms were similar to those recorded for ophiuroids

from the British Isles. McKenzie and Kelly (1994) esti-

mated a bacterial load of 4.60 X 10" g~" AFDWfor Am-

pliipholis squamata collected from the west coast of Scot-

land. This compares to 4.96 X 10
9

g~
' AFDWfor A squa-

mata from NewZealand. The figure for A. squamata given

by Lesser and Blakemore (1990) is not directly compa-

rable: it relates to bacterial colonies per animal rather than

to SCBg~' AFDW. Pscudcclunus Inittoni had a high bac-

terial loading, only slightly lower than that recorded from

A. squamata and considerably higher than that of the other

two species of Pscudcchinus. The three species of Pseu-

dechiniis are broadly sympatric subtidally on the Otago

coast and maintain genetic isolation from each other, al-

though they can be readily hybridized in the laboratory.

Color is the most obvious character distinguishing the

species, although there are other morphological differences

such as test thickness and length of spines. The differences

in overall bacterial load and in the ratios of the types of

SCB present therefore warrant further investigation.

Few comparative figures are available from other sym-

bioses. The density of SCB in all the species is similar to

the bacterial loading in the trophosome of vestimentifer-

ans ( up to 1

9
bacteria g~

' wwt Cavanaugh el al. 1981;

Powell and Somero, 1983). The echinoderm symbionts

clearly have the potential to be metabolically important

to their hosts. However, the trophosome is a much higher

proportion of the total body mass of pogonophorans than

the integumental tissues are in echinoderms, so any con-

tribution of SCB to their hosts' holistic energy budget is

likely to be proportionately lower.

Walker and Lesser (1989) claimed to have cultured SCB

from Ampliipholis squamata, which they identified as an

undescribed species of I 'ibrio. Attempts to reproduce this

result from New Zealand A. squamata and from other

symbiont-containing echinoderms (this study and un-

published observations from Scottish echinoderms) did

not produce any evidence of a symbiont in culture. It is

difficult to see how any SCBcould have survived the ster-

ilization described in Lesser and Blakemore (1990). Even

a 5-s exposure to isopropyl alcohol killed the host, so 30 s

of exposure would have penetrated the cuticle and pre-

sumably killed the SCB. In our experiments, bacteria

never grew when the animals had more than a 5-s exposure

to isopropyl alcohol. Even those that occasionally grew

at an exposure of 5 s were probably associated with the

surface or gut rather than being symbionts, because they

always formed mixed colonies morphologically identical

Figure 8. Spiral-shaped bacteria (arrows) in a bacteriocyle from the connective tissue of an Ophiocoma

htillonsi tube foot. HC. host cell; open arrows, host cell membrane.

Figure 9. Tightly kinked spiral form Type 2 SCB (arrow) from a tube foot of Amphiwa umnkiirac. C,

cuticle.

Figure 10. Type 3 SCB(arrows) from a tube foot of Ophiomyxa brevimira. SCBhave numerous vacuoles

(v). C. cuticle; HV vacuoles of host origin in sub-cuticular space.

Figure 11. Vacuolated Type 2 rods from a tube foot of.4niphiph<>ln< \tiiiamata Curved arrow indicates

double membranes around SCB. C. cuticle; v. vacuoles.
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to those from controls. No bacterial colonies of the type

reported by \Valker and Lesser (1989) were observed, even

after 2 1 days. These results do not necessarily mean that

the bacterium isolated by Walker and Lesser (1989) was

not the symbiont. The SCBof A. sqitamata from the east

coast of the United States could be different from the New
Zealand or European symbionts and could either be re-

sistant to isopropyl alcohol or have simpler culturing re-

quirements. Successful isolation into culture of a bacterial

symbiont from marine organisms is, however, very rare.

Only the luminescent symbionts of some fish and squid

(Hastings and Nealson, 1981; McFall-Ngai. 1994) have

definitely been cultured, and these bacteria are commonly
occurring, free-living forms. The problems of symbiont
isolation are illustrated by a meticulous attempt by Wood
and Kelly (1989) to culture chemoautotrophic bacteria

from the bivalve Thyasira flexuasa. They isolated a sul-

fide-oxidizer of the genus Thiobarillm and proposed it as

the symbiont of T. Jk'xitosa; however, when genetic se-

quences of the cultured bacterium were compared to the

symbionts, it was found that they were not the same

(Marine Biological Association of the United Kingdom
Annual Report 1991-1992).

As evidence that the bacteria they cultured were indeed

SCB, Walker and Lesser ( 1989) produced polyclonal an-

tibodies to whole bacterial cells, then used these antibodies

to label sections of the host material. The SCB reacted

with the polyclonal antibodies. Unfortunately, these au-

thors did not try to determine the specificity of their an-

tibodies to the cultured bacterial isolate by testing them

against either a range of bacteria isolated from the gut

and outer surfaces of A. sijucunata, or against other marine

bacteria. It is therefore possible that these antibodies were

not 1 7/v/o-specific. Nor did these authors cross-react the

antibodies with other }'ihri<> strains. It would not be sur-

prising if SCB were related to the genus Mhrio, because

unculturable symbionts from flashlight and angler fishes

(Haygood and Distel, 1993) were shown to be related to

vibrios. The polyclonal antibody results do show that the

Table IV

Fisher's least-square difference table for comparisons of rods (Type 3

SCB) and spirals (Type 2 SCB) between Pseudechinus huttoni (PH);

P. huttoni juveniles (PHJ); P. novaezealandiae (PN), and P.

albocinctus (PA); significance is at P < 0.05

Comparison Significance

PA rods > PN rods

PH rods > PA rods

PHJ rods > PA rods

PA spirals > PA rods

PA rods > PN spirals

PA rods > PH spirals

PA rods > PHJ spirals

PH rods > PN rods

PHJ rods > PN rods

PA spirals > PN rods

PN spirals > PN rods

PH spirals > PN rods

PHJ spirals > PN rods

PH rods > PHJ rods

PH rods > PA spirals

PH rods > PN spirals

PH rods > PH spirals

PH rods > PHJ spirals

PHJ rods > PA spirals

PHJ rods > PN spirals

PHJ rods > PH spirals

PHJ rods > PHJ spirals

PA spirals > PN spirals

PA spirals > PH spirals

PA spirals > PHJ spirals

PN spirals > PH spirals

PN spirals > PHJ spirals

PHJ spirals > PH spirals

0.0260

<0.0001

0.0017

NS
NS
NS
NS

<0.0001

<0.0001

0.002

NS
NS
NS

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

NS
0.0005

<0.0001

<0.0001

0.0486

0.0015

0.0066

NS
NS
NS

cultured bacterium shares an antigen with the SCB, but

further investigations preferably with monoclonal an-

tibodies and //( situ hybridization with species-specific

rRNA probes (Distel el at., 1991) are needed to show

that the cultured bacteria are genuinely the same as

the SCB.

Table III

Bacteria/ counts per grain oj tissue wet weight (\V\VT) and ash-free dry weight (AFDH'i

Species
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It'SCB are unculturable. identifying the nature of their

interaction with their hosts is more difficult. There has

been a great deal of interest in associations between che-

moautotrophic bacteria and various marine invertebrates.

There is. however, no positive evidence suggesting that

SCB are chemoautotrophs. Bacterial morphology some-

times provides clues to trophic biology (Berkeley, 1979),

but the morphology of the SCB from the New Zealand

echinoderms was not particularly informative. Type 2

SCB showed little internal specialization; even vacuoles

were rare. The Type 3 SCBfrom the NewZealand species

were more diverse. The profusion of vacuoles seen in the

brittlestar Ophiomyxa and the holothurian Stichopus

inollis may indicate that these bacteria are more unusual

than other SCB so far observed. There was, however, no

evidence of the specialized membrane stacks known from

symbiotic methylotrophs (Fisher et al.. 1993) and nitrifiers

(Stanier et al.. 1977). Nor was there any evidence of the

sulfur storage observed in some sulfide-oxidizing sym-

bionts (Southward. 1986). The lack of obvious morpho-

logical clues need not exclude chemoautotrophy. Some
other sulnde-oxidizers, for example, do not store sulfur

and they resemble SCB(Southward, 1986). Given the large

number and diversity of host species, some SCBmay yet

prove to be chemoautotrophic.

Many investigators favor the suggestion that SCB me-

tabolize dissolved organic material (DOM) (Holland and

Nealson. 1978: Walker and Lesser, 1989), and some ev-

idence supports this hypothesis. In Amphipholis sqnamata.

SCBcan take up dissolved amino acids, and this uptake

precedes any translocation of synthesized proteins to the

host (Walker and Lesser. 1989: Lesser and Walker. 1992).

Host epidermal cells frequently phagocytose SCB(Walker

and Lesser, 1989; Roberts et al.. 1991; McKenzie and

Kelly, 1994). SCBcould have a nutritive role if they used

DOMas an energy source, then were "cropped" by the

host through phagocytosis. It is more usual, however, for

a host to benefit from the products of its symbionts than

to ingest the bacteria themselves (Douglas. 1994). and it

may be that only moribund SCB are phagocytosed. The

division rate of the SCB is unknown there are only es-

timates for standing crop but given the frequency of ob-

servations of phagocytosis, it may be high. Lesser and

Walker (1992) concluded, however, that the rate of DOM
uptake was too low to provide a significant energy source

to the host. They based this conclusion on a comparison

between a symbiont-containing ophiuroid. Amphipholis

sqnamata, and a species that lacked SCB. Unfortunately,

the latter was Ophiopholis aculeata, a species that defi-

nitely possesses SCB. albeit in lower numbers than are

found in A. sqnamata (McKenzie and Kelly, 1994). The

role of SCB in DOMuptake has, therefore, still to be

denned. Because of the density of symbionts observed in

some species, the possible contribution of SCB to DOM

uptake in echinoderms must be considered in investiga-

tions of growth and regeneration.

Although the bacteria seen in the bacteriocytes of O.

hollonsi had a regular, "crimped" appearance when

viewed with TEM, they are probably the same as the

faintly fluorescing rods seen in the tube-foot squash prep-

arations, the "crimped" shape being too small to be re-

solved with epifluorescence microscopy. These bacteria

are not SCB, and both this species and Ophiopteris anti-

podum have been discounted from previous estimates of

the numbers of species that, on the basis of epifluorescent

evidence, are thought to harbor SCB (Kelly et al.. 1994).

The bacteria counted in the homogenate of arm tissue

from Ophiocoma bollonsi were probably also released

from the bacteriocytes. The counts made from homoge-
nates ofOphiocoma bollonsi (Table III) suggest that these

bacteria are almost as abundant as SCB in other species.

Ophiopteris papillosa from the northwestern coast of

America is similar to Ophiopteris antipodum in that the

rod-shaped bacteria seen with epifluorescence could not

be found under the cuticle with TEM (McKenzie and

Kelly, 1994). Further investigations may reveal bacter-

iocytes in these species also. Nothing is known of the bi-

ology of the bacteriocytes, but the host animals appear

healthy. Large cells, filled with rod-shaped bacteria, have

also been found in the crinoid Calamocrinus diomedae

(Holland et al.. 199 1 ). Similar structures have been found

in other stalked crinoids (U. Welsh, pers. comm.) and in

the comatulids Antedon bifuia (Kelly and McKenzie, in

press) and A. pelasus (Heinzeller and Welsch, 1994). These

bacteria may be a second type of symbiont, but they are

also reminiscent of rickettsial infections of marine inver-

tebrates (Sparks. 1985), which often have no obvious

pathological effects on their hosts.

The SCBin NewZealand echinoderms are very similar

to those in echinoderms from Europe and North America.

Although some of the SCBhave interesting morphologies

that have not previously been encountered, almost all of

the SCBfrom NewZealand species can be classified within

two major types. The overall pattern of SCBdistribution

is similar to that in other echinoderm faunas (Kelly and

McKenzie, in press) and no ecological trends in their dis-

tribution are obvious. The New Zealand study highlights

both the restricted degree of variation in SCBmorphology

and the possibility that more than one type of SCB can

occur within a single host species. It also strengthens the

observation that closely related species are all likely to

either have SCBor lack them (McKenzie and Kelly, 1994).

The recorded densities of SCB indicate that they are po-

tentially important to their hosts, although their exact

functions are as yet unknown. None appear to be che-

moautotrophs. Molecular techniques will be the best way
to investigate the links between host phylogeny and SCB
distribution. In the absence of isolated symbionts, exper-

iments comparing nonsymbiotic species with ones con-
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taining SCB p -.he most productive means to explore

trophic inte .;ons between SCBand their hosts.
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